Arsenate, a competitive inhibitor with phosphate in phosphorylation reactions, has been used to lower adenine and guanine nucleotide levels in Saccharomyces cerevisiae to study nucleotide effects on protein synthesis. By measuring polysome levels, we have shown that initiation of protein synthesis is much more sensitive than elongation or termination to inhibition when the ATP/ADP, GTP/ GDP ratios are low. When the arsenate-phosphate molar ratio was 0.27, protein synthesis was inhibited by about 85% and the kinetics of polysome decay was similar to that observed with the initiation inhibitor, verrucarin-76, or with the protein synthesis initiation mutant, ts187, at the restrictive temperature. With this level of arsenate, the adenylate energy charge dropped from 0.9 to 0.7 and the ATP/ADP and GTP/GDP ratios dropped from 6 to 2. The observed correlations between nucleotide ratio changes and inhibition of protein synthesis suggest that the former may be a control signal for the latter. The significance of these in vivo correlations will have to be tested with an in vitro protein synthesizing system. Higher arsenate levels resulted in even lower ATP/ADP, GTP/ GDP ratios and in a slower decay of polysomes, implying that, eventually, elongation (in addition to initiation) was 
. Clearly, the cell must have regulatory mechanisms that rapidly sense an energy-limiting situation and inhibit the energy-utilizing processes of the cell, especially those processes such as protein synthesis, which are such a heavy drain on a cell's energy supply.
In this paper, we have used arsenate to energy limit Saccharomyces cerevisiae. Arsenate (As04-3) can be used in cellular reactions in place of phosphate (P043). Arsenate enters yeast cells by the phosphate transport system (28) and is used by enzymes which normally use phosphate, such as phosphoglyceraldehyde dehydrogenase and glycogen phosphorylase (31) . Arsenate uncouples oxidative phosphorylation presumably by being used in place of phosphate (34) . Arsenate esters and anhydrides are very labile, and abortive hydrolysis products can occur (18, 31) . Thus, in the presence of arsenate, the phosphorylation of ADP to ATP is inhibited and cells become energy limited. Under these conditions, we find that protein synthesis is inhibited at an initiation step. The GTP/GDP and ATP/ADP ratios and adenylate energy charge all dropped significantly. These nucleotide changes may be a sufficient signal for the observed inhibition in protein synthesis, although future in vitro experiments will be necessary to rigorously test this point.
MATERIALS AND METHODS
Organism and culture conditions. S. cerevisiae strain A364A Iys2 tyrl hisl gall adel ade2 ural and a mutant of A364A, ts187, which has a temperaturesensitive defect in initiation of protein synthesis (13), were used in this study.
Cells were grown at room temperature with rotatory shaking. The glucose medium contained per liter: 6.7 g of yeast nirogen base (Difco Laboratories) 20 g of glucose,10 g of succinic acid (used as a buffer, pH 5.8 to 6.0), 10 mg of adenine, 10 mg of uracil, 40 mg of lysine, 40 mg of tyrosine, and 40 mg of histidine.Yeastnitrogen base contains per liter: 5 g of (NH4)2S04, 1 g Spheroplasts (14) were prepared by incubating 1 x 10' to 3.5 x 109 cells suspended in 10 ml of 1 M sorbitol with 0.2 ml of glusulase (Endo Laboratories) for 30 min at room temperature. Spheroplasts were collected by centrifugation (3,000 x g, 5 min) and suspended in glucose minimal medium stabilized with either 1 M sorbitol or 0.5 M MgSO4 and regrown (at a cell concentration of about 5 x 107 cells/ml) at room temperature with rotatory shaking for at least 2.5 h before the experiment was started.
Polyribosome analysis. A 25-ml portion of the spheroplast culture (approximately 1.3 x 108 cells) was harvested by adding cycloheximide (1 mM final concentration), chilling, and centrifuging at 3,000 x g for 5 min. The pellets were stored at -70°C. To extract the polyribosomes (12), the spheroplast pellets were suspended in lysis buffer which contained 0.1 M NaCl, 0.03 M MgCl2, and 0.01 M Tris-Chloride, pH 7.4 . Deoxycholate (0.02 ml of 5% solution) was added and samples were held on ice for 5 min. Then, 0.03 ml of 5% Brij-58 (Atlas Powder Co., Wilmington, Del.) was added. Cell debris was removed by centrifugaton at 12,000 x g for 5 min. The supernatant was layered on a 10 to 40% linear sucrose gradient in lysis buffer. Gradients were centrifuged in a Spinco SW56 rotor at 55K for 25 min at 4°C, stopping without the brake. Gradients were collected by pumping 70% sucrose to the bottom of the centrifuge tube, thus pushing the gradient out the top into a flow-through cell in a Beckman DB-G spectrophotometer, and the absorbancy at 260 nm was recorded. The areas under the monosome and polysome regions were estimated by use of a planimeter or by cutting out and weighing tracings. The baseline of absorbancy at 260 nm for each gradient was assumed to be that of a blank (unloaded) sucrose gradient. No correction was made for trailing of the monosome peak into the polysome region.
Protein synthesis measurements. The rate of protein synthesis in spheroplasts was measured by following the rate of [U-'4C]lysine incorporation into acid-precipitable material. Lysine concentration in the growth medium was reduced to 8 ,ug/ml (1/5 normal) for these incorporation experiments.
Nucleotide measurements. When spheroplasts were suspended in regrowth medium (stabilized with sorbitol), [8-'4C] adenine was added for the regrowth period (2.5 h) at 10 ,uCi/ml, for a final specific activity of 45 yCi/mol. Both adenine and guanine nucleotides are labeled by exogeneously added [8- [8-'4C] adenine (25) . Also, we found that the GTP pool is saturated with respect to the ATP pool by the end of our regrowth period.
Nucleotides were extracted from spheroplasts by adding 0.5 ml of culture to 0.1 ml of 35% HC104 acid and holding on ice for 30 min. Samples then were centrifuged 12,000 x g for 1.5 min in an Eppendorf Microfuge to remove precipitated proteins. The supernatant (0.5 ml) was neutralized with about 0.16 ml of 0.30 N KOH containing 0.058 M KHCO3. After standing about 15 min, the KC104 salt was removed by centrifugation. Supernatants were stored at -70°C. Two-dimensional thin-layer chromatography on PEI-cellulose plates (Cel 300 PEI from Macherey-Nagel and Co., distributed by Brinkmann Instrument, Inc.) was used to resolve the adenine and guanine nucleotides. Plates were spotted with 80 pl of sample and with 5 nmol of each nucleotide for visual standards. Plates were soaked for 30 min in a tank of water to remove the [8-'4C]adenine and dried. In the first dimension, LiCl was used as described by Randerath and Randerath (27) . The plates were developed in 0.2 M LiCl for 2 min, in 1.0 M LiCl for 6 min, and in 1.6 M LiCl to 15 cm above the origin. Plates were rinsed in methanol for 15 min (27) to remove the LiCl and dried. The second dimension was developed in 0.75 M KH2PO4, pH 3.4, with 1 mM EDTA (Sprague, 1977, [32] used this solvent for one-dimensional development) to 15 cm above the origin.
After autoradiography, the appropriate spots of the PEI plate were cut out and counted in toluene-2,5-diphenyloxazole scintillation fluid.
RESULTS
Arsenate inhibition of protein synthesis. The rate of protein synthesis in yeast cells has been plotted as a function of the arsenate concentration ( Fig. 1) . At 2 mM arsenate, which represents an arsenate-phosphate ratio of 0.27, the rate of protein synthesis was inhibited by about 85%. The effect of this level of arsenate on plyribosomes and nucleotide levels was studied.
Initiation of protein synthesis is inhibited. Inhibition of protein synthesis at an initiation step can be distinguished from inhibition at an elongation-termination step by measurement of polyribosome levels in the cells. An inhibition at initiation leads to decay of polysomes, whereas an inhibition at elongation or termination conserves polysomes (11-14, 20, 24, 25, 33, 45 (Fig. 2 ). Polysomes had decayed and monosomes had accumulated. The time course of polysome decay was followed; as shown in Fig. 3 , the percentage of total ribosomes in polysomes declined in about 4 and for a temperature-sensitive initiation mutant (13) . As shown in Fig. 4 , the kinetics of polysome decay for verrucarin-76 and for ts187, at the restrictive temperature, were the same as for the decay with 2 mM arsenate. Similar polysome decay rates were observed with 1 mM and 0.5 mM arsenate (data not shown). Thus, low arsenate levels appear to block protein synthesis preferentially at an initiation step.
Adenine and guanine nucleotide levels.
The concentraions of ATP, ADP, AMP, GTP, GDP, and GMP were followed after the addition of 2 mM arsenate. As shown in Fig. 5 , the ATP concentration had begun dropping by 1 min and, after 3 min, stabilized at 20% of the control level. There were only small changes in the ADP and AMP levels. The sum concentration of ATP + ADP + AMP dropped to about 25% of the control. The ATP/ADP ratio dropped from 6 to 2, and the adenylate energy charge (1) dropped from 0.92 to about 0.70. When the luciferase assay was used to measure adenine nucleotide levels (6) instead of radioactive labeling and thin-layer separation, identical results were obtained.
The changes in the GTP/GDP ratio and guanylate energy charge were similar to those for adenine nucleotides (Fig. 6) polysome levels and in nucleotide concentration ratios are prevented when excess phosphate is present. Thus, arsenate apparently produces these effects via its action as a phosphate analog.
High arsenate levels can slow elongation rate. The studies described so far have been done with 2 mM arsenate (arsenate-phosphate ratio is 0.27), which inhibited lysine incorporation by about 85%. At 10 mM arsenate, lysine incorporation was inhibited by about 98%. In the presence of this higher arsenate concentration, the polysome content of spheroplasts also decayed, but at a slower rate (Fig. 8) . About 12 min are required for the polysome decay compared to 4 min for the lower arsenate concentration. This slower polysome decay suggests that there is partial inhibition at an elongation step in addition to an essentially complete inhibition at initiation. This suggested elongation inhibition was confirmed by the findings that (i) ad- dition of 10 mM arsenate to an A364A culture treated with verrucarin-76 slowed the decay of polysomes (Fig. 9A) , and (ii) the addition of 10 mM arsenate to a culture of the mutant ts187 slowed the decay of polysomes at the restrictive temperature (Fig. 9B) .
In the presence of 10 mM arsenate, the adenine and guanine nucleotide concentration changes occurred more rapidly and were somewhat more extreme than with the lower arsenate level (Fig. 10) . By 1 min, the ATP/ADP and GTP/GDP ratios were 1 or less and the adenylate and guanylate energy charges were about 0.5 (Fig. 11) . The partial elongation inhibition may be due to the even lower nucleotide ratios. (24) . The decay of polysomes observed when cells were energy limited by arsenate addition indicates that an initiation step has been inhibited. At low arsenate levels that produce 85% inhibition of protein synthesis (or less), the polysome level decayed within about 4 min, i.e., at about the rate observed with known inhibitors Cultures transferred to 36°C at zero time (for rapid temperature shift, culture flask swirled in 55°C bath for I min, then transferred to 36°C shaking bath). 10 1 mutant, which is defective in cytoplasmic mRNA production at the restrictive temperature (11, 15) . Initiation inhibition, sometimes accompanied by elongation inhibition, has been reported for energy limitation of ascites tumor cells (38, 39) , thymic lymphocytes (22) , reticulocytes (10, 19, 29) , Escherichia coli (8, 9, 16) , and liver (23) . It also should be noted that a few reports show inhibition preferentially at an elongation step during energy limitation in liver (3), moss (4) , and E. coli (17) .
DISCUSSION
Nucleotide changes and protein synthesis. After the addition of 2 mM arsenate to cells, the ATP/ADP and GTP/GDP ratios dropped threefold from 6 about 0.70. ATP and GTP both are re protein synthesis. ATP is required for of aminoacyl-tRNA and perhaps for mRNA to the 40S initiation complex is required in both initiation and i steps of protein synthesis and GDP is and competitive inhibitor of these have studied of changes in the GTP/GDP ratio ( complex formation (GTP:factor:a tRNA) for purified initiation factor-2 fied elongation factor-i from rabbi cytes. The former (eIF-2) is more s inhibition by changes in the GTP/( than is the latter (EF-1). The basi differential effect is related to the a the respective factors for GTP and C factors have high affinities for the GTP. However, the initiation factor b greater affinity for the product GD] GTP. Thus, the binding of GTP to eI dependent on the GTP/GDP ratio (, trast, the elongation factor has a greal for GTP than (37) . GTP instead, the variations are almost identical. The elongation one difference between changes in adenine nua product cleotides and changes in guanine nucleotides in reactions. these experiments is that the sum concentration the effect (ATP + ADP + AMP) decreased 70 to 75%, Dn ternary whereas the sum concentration (GTP + GDP Lninoacyl-+ GMP) was nearly constant. It has been oband puri-served in liver that, under conditions which t reticulo-caused a drop in the energy charge, the total ensitive to adenine nucleotide pool also dropped and IMP GDP ratio accumulated (5) . It has been proposed that the is for this conversion of AMP to IMP by AMP deaminase ffinities of may be a mechanism by which the cell dampens XDP. Both a potentially very large energy charge drop (5).
! substrate IMP does not appear to accumulate in our cells. ias a much Conversion of AMP to adenine also has been P than for proposed as a mechanism to stabilize the energy F-2 is very charge (30) . We cannot test this with our labeling 2). In con-procedure. At present, we do not fully underter affinity stand the mechanism for the decrease in the 'P to EF-1 adenine nucleotide pool. But under these con-3DP ratio. ditions, where the total adenylate pool size oreferential changes and the total guanylate pool size is ;with their constant, it is especially interesting that the yte factors. ATP/ADP and GTP/GDP ratio changes comdone with pletely parallel each other.
The known involvement of GTP and ATP in .e interre-protein biosynthesis and the correlations shown ie changes in this paper between the drop in the GTP/ ios paralel GDP, ATP/ADP ratios and inhibition of initiaet both ra-tion of protein synthesis are suggestive evidence condition, that these nucleotide changes have a regulatory el changes role. To prove that changes in the adenine andACKNOWLEDGMENTS This investigation was supported by Public Health Service grant CA10628 to C.S.M. from the National Cancer Institute, and by National Institute of Health Postdoctoral Fellowship 5 F32 CA05254 to J.S.S from the National Cancer Institute.
